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SABER instrument overview
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ABSTRACT
This paper provides an overview of the sounding of the atmosphere using broadband emission radiometer (SABER) instrument

proposed by NASA Langley Research Center (LaRC) and the Space Dynamics Laboratory at Utah State University
(SDL/USU). SABER is a 12-channel infrared radiometer designed to measure atmospheric emissions in the 1 to 17 im
spectral region. Radiometric, optical , thermal, and electronic aspects of the design are discussed.
1.0 INTRODUCTION
The SABER instrument was successfully proposed by NASA LaRC and SDL/USU for the thermosphere-ionospheremesosphere energetics and dynamics (TIMED) mission. However, because of NASA budget cuts, the TIMED mission is
being downsized, and the TIMED instrument selections are currently being reviewed.
The SABER instrument is an infrared earthlimb-scanning radiometer similar to—but with an expected sensitivity of about
30 times greater than—the LIMS"2 instrument that flew on Nimbus 7. This paper gives an overview of the entire SABER
instrument; the thermal design of the SABER instrument has been described in greater depth in a recent paper.3

2.0 SYSTEM-LEVEL
DESCRIPTION
TELESCOPE
ASSEMBLY

G-1O

SUPPORT

The SABER instrument is a
12-channel, earthlimb-scanning,
chopped radiometer that is designed
to make atmospheric measurements
in the 1 to 17 im wavelength region
from a satellite in a high-inclination
400-km circular orbit. SABER was

designed to operate at 100 percent
duty cycle over its 2-year mission
life.

An isometric drawing of SABER
mounted in a hexagonal spacecraft is
shown in Figure 1. SABER consists
of a telescope assembly supported by
- REFRIGERATOR

___________________________________________________________________

Figure 1. SABER instrument in hexagonal spacecraft.

three fiberglass G-l0 pedestals, a
refrigerator, and four electronic
boxes—the preprocessor electronics
(PPE), the processor control
electronics (PCE), the power
distribution electronics (PDE), and
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the refrigerator electronics (RFE). SABER looks 90 degrees to the ram direction to prevent atomic oxygen from damaging
the low-scatter telescope mirrors.
A block diagram of the SABER instrument is given in Figure 2. In this figure the telescope baffle is shown in the plane of
the paper for functional clarity; in reality the baffle is out of the plane of the paper.

-

- LIGHT
THERMAL LINK
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THERMAL LINK
OP. BNCH RADIATOR

Figure 2. SABER instrument block diagram.
The fields of view of SABER's twelve detectors are scanned across the earthlimb by means of a one-axis scan mirror to
produce vertical profiles of the atmosphere in 12 infrared spectral bands. The scan sequence, shown in Figure 3, is based
on the technique used successfully on the LIMS radiometer. The scan sequence has two modes: the first is an acquisition
scan mode to locate the measurement region; the second is an adaptive scan mode to make the measurements efficiently.
The scan sequence starts with four acquisition scans to locate the reference tangent height by on-board processing of the
radiance profiles of the CO2 long wavelength channels. Then SABER switches to the adaptive scan mode that maximizes
the data collection from hard earth to a tangent height of approximately 200 km. After every second adaptive scan cycle,
the scan mirror is slewed to a tangent height of 350 km for a look at cold space, so self emissions from the optics can be
measured. With the scan mirror still in this cold space position, two flip-in mirrors of different areas are serially inserted
into the optical beam to collimate the energy from a blackbody located in the baffle. This blackbody is called the "partial
aperture" blackbody because the areas of the flip-in mirrors only partially fill the instrument aperture. Periodically, not shown
in scan sequence of Figure 3, the scan mirror is turned to face the primary mirror so the short wavelength detectors can view
two calibration lamps arranged around the periphery of the primary mirror. The scan mirror is then turned to autocollimate
a blackbody located in the focal plane of the primary mirror. Since this blackbody completely fills the instrument aperture,
it is called the "full-aperture" blackbody.
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Figure 3. SABER scan sequence

The SABER thermal management plan is illustrated schematically in Figure 4. The focal plane assembly (FPA) is cooled
to 75 K using a TRW pulse tube refrigerator, the telescope to 210 K by a radiator. The parasitic heat loads to the radiator,
mainly due to the calibrations sources, are less than 2 W. The telescope is cooled for two reasons: (1) to minimize the hea
load on the refrigerator, and (2) to increase the instrument sensitivity by minimizing the shot noise due to background
radiation on the detectors. The most significant parameters of the SABER instrument are listed in Table 1; the spectral
passband and the calculated noise equivalent radiance for each channel are tabulated in Table 2, which also identifies the
emitting atmospheric species measured by each channel.

@210 K
OPTICS
@200 K

FPA @75 K

COOLER MOUNT

@3O0 K

BAFFLE
FLEX LINK

Figure 4. SABER Thermal Management Plan
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Table 1. SABER mstrument parameters

Parameter

Value

Mass

66.0 Kg

Power

59.3 W

Focal Length

250 mm

F-number

2

Etendue (Optical Throughput)

1.48 x iO cm2 sr

Instantaneous FOV (vertical x horizontal)

1 mrad x 12 mrad (2 km x 24 km footprint)

Scan Rate

0.25 deg/sec

Scan Range:
Adaptive Mode
Acquisition Mode

6. 1 deg (-9 km to 201 km)
16.0 deg (-71 km to 369 km)

Equivalent Noise Bandwidth

4.55 Hz

Data Rate

2500 bits/sec

Spectral Range

1 to 17 jim
(See Table 2 for passbands of each channel)

Noise Equivalent Radiance

4 x 10.10 to 2.6 x 1O depending on channel

(See Table 2)
Chopping Frequency

1000 Hz

Field Stop Hole Dimensions

0.25 mm x 3.00 mm (One for each channel)

Active Area of Each Detector

0.50 mm x 3.12 mm

Focal Plane Temperature

75 K

Optics Temperature

210 K

Refrigerator Heat Rejection Temperature

300 K

Refrigerator Heat Load

250 mW (35% Margin)

Refrigerator Power

28 W (Compressor 20 W , Elect. 8 W)

Cooler Cold Block Temperature

72 K

Optical Radiator Temperature

200 K

Radiator Heat Load

2W

Optical Radiator Area

2500 cm2
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Table 2. SABER Passbands and Noise Equivalent Radiances

Channel
Number

Species

1

Spectral Band

Noise Equivalent Radiance

(tm)

(w cm2 sr'

CO2

14.926 - 15.528

1.623 x 108

2

CO2

13.347 - 16.941

2.596 x 108

3

CO2

13.347 - 16.941

2.596 x 108

4

03

9.057 - 9.729

1.298 x 108

5

H20

6.510 7.120

4.327 x iO

6

NO2

6.145 - 6.324

2.885 x iO

7

NO

5.257 - 5.566

2.885 x iO

8

CO

4.545 - 4.655

1.298 x i0

9

CO2

4.203 - 4.35 1

1.527 x iO

10

OH

1.952 - 2.189

4.327 x 10b0

11

OH

1.562 - 1.698

6.491 x 10'°

12

02

1.246 - 1.254

6.491 x 10b0

3.0 TELESCOPE

An isometric view of the

FULL
APERTURE
BLACKBODY

telescope assembly showing its

back cover removed and the
refrigerator and flex link is
shown in Figure 5. A ray trace

DETECTOR/FILTER
ASSEMBLY

of the telescope is shown in

Figure 6, and its

optical
prescription is given in Table 3.

Light strikes the scan mirror
PARTIAL
APERTURE
BLACKBODY

from beneath the plane of Figure

6.
The telescope is an
unobscured, high-off-axis stray

light rejection design with a
focal length of 250 mm and an

f-number of 2. The telescope
consists of an afocal front end
followed by a ZnSe aplanatic

doublet, which focuses the
collimated output beam from the
REFRIGERATOR

Figure 5. Isometric View of Telescope Assembly with BackCover Removed and
Refrigerator and Flex Link shown

afocal front end through a
window onto the focal plane.

The afocal front end has an
angular magnification of 3, and
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it consists of two confocal off-axis parabolic mirrors preceded by a one-axis scan mirror that scans the 12 fields of view
vertically through the earthlimb. Locating the scan mirror in front of all powered optical elements makes the optical
aberrations independent of scan mirror position. The aperture stop is located at the primary mirror—the first parabolic mirror.
The ZnSe doublet and window introduce some chromatic aberration, but the variation in the focal position with wavelength
is corrected by adjusting the filter thickness of each spectral channel so that all channels focus in the same plane. The
telescope modulation transfer function is greater than 0.5 for sinusoidal atmospheric variations with periods greater than 4
km from an orbit height of 400 km.

Primary Mirror

Second Field Stop, Filters and Detectors

Window
Secondary Mirror

ZnSe
Doublet

Figure 6. SABER Ray Trace
The telescope was designed to have large rejection for stray light sources outside the field of view (off-axis sources) because
SABER must measure the earthlimb without significant data contamination from the bright earth, which is just outside the
field of view. It is also important to reject stray light from bright atmospheric layers outside the field of view. There are

several design features used to maximize the rejection of off-axis radiance. The first is an unobscured off-axis optical
design—the unobstructed off-axis design avoids scatter from a central obstruction and a spider; in addition, it is easy to baffle.

The second feature is the use of two field stops, i.e., the telescope is a reimager design. The telescope is sealed at the first
field stop so the only light path after the primary mirror is through the first field stop. All off-axis specular rays are blocked
by this field stop. The only off-axis light admitted beyond this field stop is scattered light from the scan mirror and primary
mirror. Thus, only these two mirrors need be super polished. The first field stop is reimaged at the second field stop that
is located just in front of the detectors. The third design feature to maximize the off-axis radiance rejection is that the scan
mirror and primary mirror are super polished to minimize scattered light. Finally, a cold Lyot stop is used to suppress light
diffracted from the entrance aperture. This stop is conjugate with the system aperture stop located at the primary mirror;
that is, the system aperture is imaged at the Lyot stop. The cold Lyot stop also minimizes the infrared background radiation
by preventing the detectors from seeing any part of the telescope except the mirrors, doublet, chopper, and window.
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Table 3. Telescope Prescription
Radius
(mm)

Thickness
(mm)

Material

Special Data

Comments

Plane

351.00

Reflect

--

Scan Mirror

-600.000

-300.000

Reflect

Conic Constant = -1

Primary Mirror with
125 mm circular aperture stop

Plane

-100.000

Air

--

Chopper

200.000

97.308

Reflect

Conic Constant = -1

Secondary Mirror

120.934

5.000

ZnSe

--

Doublet Lens Srf. 1

248.130

0.000

Air

--

Doublet Lens Srf. 2

56.097

5.000

ZnSe

--

Doublet Lens Srf. 3

67.220

25.000

Air

--

Doublet Lens Srf. 4

Plane

39.666

Air

--

Lyot Stop

Plane

3.000

ZnSe

--

Window Front Srf.

Plane

-9

Air

--

Window Rear Srf.

Plane

1

See Section 4

--

Filter Front Srf.

Plane

0.127

Air

--

Filter Rear Srf.

Plane

0.250

Air

-

Field Stop

Plane

--

--

--

Detector

A tuning fork chopper is located at the first field stop. The chopper has an opening for each detector element so the required
relative motion between the two chopper blades is only the width of a detector element. This type of chopper is often called
a "picket fence" chopper because it is similar to two picket fences moving past each with the direction of motion orthogonal
to the pickets. Minimizing the tuning fork tine motion maximizes the chopper reliability.

4.0 DETECTOR/FILTER
MODULE
A drawing of the detector/filter module showing the relative position of the detector array, the filter array, the window and

the Lyot stop is given in Figure 7 on the following page. The entire filter/ detector module is cooled to 75 K by the
refrigerator. A flex link between the refrigerator cold block and the filter/detector module provides isolation from residual
refrigerator vibration. This configuration does not require a vacuum interface between the refrigerator and the filter! detector
module. For ground operations, the detector/filter module, flex link and refrigerator will be mounted in a vacuum test
chamber before cooling. This is not a serious limitation because the entire SABER instrument can only be operated in a
vacuum to keep the optics at the required low temperature. The purpose of the window is to protect the detectors and filters
from contamination. The Lyot stop suppresses diffraction from the aperture stop and prevents the detectors from seeing
anything besides the optical surfaces and the chopper blades.
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Thermal isolation and
mechanical support of
the detector/filter
module is provided by

Kevlar strands

in

COLD LYOT STOP

DETECTOR ARRAY

WINDOW

tension in the "bicycle

wheel"

configuration

illustrated in Figure 8
below. Each Kevlar
strand is 0.025 inches
in diameter. The ends

DETECTOR/FILTER
MODULE PACKAGE
FILTER ARRAY

ELECTRICAL FEED THRUS

of the each Keviar
RESISTORS & FETS

strand are embedded in

epoxy$illed bolts.
Room temperature pull
tests

PC BOARD

have shown that

COLD FINGER

each Keviar strand and

its fastener can

withstand more than

Fi 7. Filter/Detector Module

100 pounds of tension.

Each Keviar strand is
tensioned by means of nuts on both ends. There is a Belleville washer under one nut and a flat washer under the other.
The Belleville washer maintains tension under dimensional changes with cooling and compensates for any creep in the Keviar
fiber. Long term room temperature tests on 23-ft long Keviar strands indicate that creep is small and virtually all creep occurs
within the first 3 weeks of tension. The bend radius of the Keviar at the eye loops on the detector/filter module housing is
large, 0.187 inches, to minimize shear because Keviar is much stronger in tension than in shear. The Kevlar support system
mounts to the telescope at the flange identified in Figure 8, and is positioned by shims at this interface. Keviar was selected
over fiberglass, alumina, or carbon fibers because of its much lower thermal conductivity. This was particularly important
in this application because of the very short strand lengths that could be accommodated. The calculated conductive heat leak
for this Keviar support system is less than 2 mW; this value is more than an order of magnitude less than for a conventional

glass epoxy (G-1O) cylinder support system. This Keviar support system has been breadboarded and it will soon be
undergoing thermal and vibration testing.
A drawing of the detector/filter interface is shown
in Figure 9 below. The bandpass filter array rests

on a filter holder that also serves as the system
field stop with an opening for each detector. An
isolation fence extends from the field stop into
notches in the detector printed circuit board to
suppress optical cross talk between channels. The

thickness of each filter is adjusted so that all
channels focus on the back side of the field stop,
the side closest to the detectors. The detectors are
placed as close ( 0.010 inches) behind the field
stop as the wire bonds on the detector will allow
in order to minimize the required detector size.
The detectors are mounted on sapphire to minimize

thermal resistance.

Feedback resistors and

matched JFETS for the photovoltaic channels are
also mounted on the printed circuit board so they
are cooled to minimize noise.

Figure 8 Keviar Support System
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Figure 9. Detector/Filter Interface
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Figure 10. Filter Size and Locations

SPIE Vol. 2268/215
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/24/2014 Terms of Use: http://spiedl.org/terms

Filter size, clear aperture and locations are shown in Figure 10 above; filter channels are identified by the number on each
filter. Making this filter array is a fabrication challenge because of the small filter dimensions and the wide spectral range
of the filter passbands. The filter passbands cover wavelengths from 1 to 17 micrometers, so optimal spectral performance
in each wavelength region requires a different filter substrate material such as fused silica or sapphire for short wavelengths
and germanium or silicon for long wavelengths. However, different substrates have different coefficients of thermal expansion
(CTh), so using different substrate materials increases thermally induced stresses. Spectral performance must be balanced
against cryogenic ruggedness. The following fabrication methods are being investigated: (1) edge-bonded filter assemblies,
(2) pocket filter assemblies consisting of a frame with a separate pocket for each filter, ( 3) monolithic filter assemblies with
individual filters deposited on a common substrate by means of photo masking, and (4) combinations of the first three
methods.
The selections of the detector materials—HgCdTe, InSb, InGaAs, InAs, or Ge—and type of detector—photovoltaic (PY) or
photoconductive (PC)—are still being studied. However, the baseline design assumes photoconductive HgCdTe for the long
wavelength channels 1, 2 and 3, and photovoltaic HgCdTe for channels 4 through 12. The short wavelength D* values are
assumed to be limited by preamplifier noise.

5. 0 REFRIGERATOR
The total heat load on the refrigerator is 250 mW with a 35% margin. The radiant heat load from the 210 K cavity through
the 27.9 mm cold stop aperture is the largest heat load component and is therefore a driver for attempting to reduce the
temperature of the radiator to the lowest practical level.

A refrigerator was selected over solid cryogens and passive radiators for cooling the focal plane because of the required
temperature, 2-year mission life, 100 percent duty cycle, desired orbit, and severe mass constraints. The TRW pulse tube
refrigerator was selected over other refrigerators because of its low mass, low power, and high reliability. TRW has
developed a reliable, small, low power, vibrationally balanced pulse tube cooler specifically for use on small satellites.4 The
pulse tube cooler reliability results from the absence of cold moving parts; there are no moving parts in the cooling head.
The TRW cooler is intended for 10-year space applications. This refrigerator weighs only 2 kg. Measurements of selfinduced vibration indicate that the cooler can be balanced to reduce vibration forces below 0.02 Newtons from 0 to 1000 Hz.
Since the estimated temperature drop between the refrigerator cold block and the detectors is 3 K, the cold block temperature
must be 72 K to attain the required 75 K detector temperature. TRW measured3 the compressor input power required to reach
this cold block temperature with an existing PTC-73 pulse tube cooler to be 20.25 W with a heat load of 250 mW and a heat
rejection temperature of 300 K. At 250 mW, the maximum SABER heat load, the required compressor input power was
20.25 W. In addition to the compressor input power, 3.4 W are required for refrigerator power conditioning and 4.0 W are
required for refrigerator control. Thus, the total required refrigerator power for SABER is 27.65 W.

6. 0 ELECTRONICS
The electronics system is optimized for simplicity and low power consumption. Each channel is synchronous demodulated
and filtered in the analog domain. The final low-pass filter is set at 4.3 Hz and all channels are multiplexed into a single
12-bit A/D converter at 10 samples per second. Four of the long-wavelength channels use a programmable gain amplifier
(PGA) with a gain change of 16 to 1 in order to satisfy the science dynamic range requirements. The PGA is placed between
the final low-pass filter and the analog multiplexer and has full bandwidth so the signal will settle by the next sample when
a gain change is made. To avoid gain changes on noise, hysteresis is built into the system so the gain is changed at different
signal levels depending on whether the signal is increasing or decreasing.
All 12 preainplifers share a common DC/DC converter. To maintain a quiet system, the DC/DC converter serves as the "start'
point for all power leads of the preamplifiers. Each preamplifier has its own voltage regulator which acts as an active filter
and provides additional isolation from the other preamplifiers. In addition to the active filtering, passive filtering is also used.
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A single DC/DC converter is also used for the analog signal processing electronics. Like the preamplifers, each channel is
"starred" at the DC/DC converter.
SABER will have six modes of operation: warmup, calibrntion, data collection, standby, off, and diagnostic/reprogram. The
first four will execute using automated programs. The diagnostic! reprogram mode will allow manual override of the first
four modes so individual sub-programs can be executed. Instrument parameter passing will also be permitted so sub-program
default parameters can be modified and program control parameters changed. These capabilities in the diagnostic/reprogram

mode will only be used on a limited basis. The diagnostic/reprogram mode also permits a reload of code in case of a
catastrophic recovery. Control of SABER and command decoding will implemented using the MC68HC1 1E2 processor.
Other support electronics for SABER include a servo controller for the scan mirror, flip in calibrator controllers, chopper drive
and synchronization electronics, and blackbody temperature controllers.

7.0 CONCLUSION
SABER is a promising solution to the design challenge of making an infrared earthlimb scanner for a small satellite
platform. This design solution was made possible by the recent advent of TRW's pulse tube refrigerator that weighs only
2 kg and has no cryogenic moving parts. This cryogenic refrigerator provides 100 percent duty cycle operation over a long
mission life with less weight than is possible with solid cryogens or passive radiators. The SABER design solution also
depends on minimizing the thennal loads on the refrigerator by (1) cooling only the detector/filter with the refrigerator, (2)
supporting the detector/filter module with low thermal conductive Kevlar strands, and (3) by using a radiator to chill the
optics thereby reducing the radiative heat load on the refrigerator. The radiometric contribution due to emissions from the
optics is subtracted from each atmospheric measurement as part of the ground processing data reduction. This self-emission
optics contribution is updated approximately every 100 seconds by taking a measurement with the instrument looking at cold
space. The SABER optical design provides the high off-axis rejection that an earthlimb scanner requires to reject off-axis
signals from the warm earth and bright atmospheric layers outside the field of view. SABER also has the advantage that it
is a very simple instrument.
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